The effects of a series of concentrations of ethylene (10, 20, 40, to 10, 240 nl,'i) on elongation, diameter, and geotropism of the stems and roots of etiolated seedlings of Pisuin sativum L., Arachis hypogea L., Phaseolus vulgaris L., and Gossypiurn hirsutum L. were measured or observed. Of the 24 possible responses, 4 were unaffected at the concentrations used, 5 were affected slightly, and the remaining responses exhibited a 14-fold range of apparent half-maximum concentration dependencies (i.e. 95 nl/l for the effect on pea epicotyl geotropism to 1350 nl/l for the promotion of cotton hypocotyl diameter 
potheses by examining the concentration dependencies and time course of various effects of ethylene on a single plant tissue or organ, on different tissues or organs of the same plant, and on analogous or homologous tissues or organs of different plant species. Because some of the responses have latent or lag periods of several hours, and because the original goal of this study was to measure these responses simultaneously, the results were recorded at intervals over a period of 48 hr. Any attempt to use such long term results in a manner analogous to enzyme kinetics is, of course, fraught with potental artifacts and misinterpretations. The net effects of ethylene over a period of 15 hr or more have been used to propose that there is a single binding site with a Kin of 6 X 10`0 M. It will be shown by the present evidence that the range of concentration dependencies for the effects of ethylene allow for a hypothesis of multiple binding sites or at least that the topic is open to considerable question and further study.
MATERIALS AND METHODS
It has been reported that a number of different effects of ethylene have similar concentration dependencies and thus possibly the same primary binding site (2, 4) . Further, they observed that a known metal binder, carbon monoxide, replaces ethylene in all its actions at a concentration of several hundred nl/ 1, and that competition between CO2 and ethylene has been established for essentially all actions of ethylene. From these observations it has been suggested that the primary binding site for ethylene action in plants is a metal-containing receptor having a limited access of approach with a Km of 6 X 10'" M (2, 4).
There is sufficient published evidence to raise questions about the universality of these conclusions, especially regarding the single concentration dependency. It was noted by the earliest workers that different plant species varied in their sensitivity to ethylene (6, 7, 11, 12) . More importantly, different responses within the same plant tissue also vary. For example, the inhibition of elongation, promotion of radial expansion, and transverse geotropism in etiolated pea epicotyls were originally reported to develop at progressively higher concentrations (5, 11, 12) .
The purpose of the following study was to test the above hy- Seeds of peas (Pislim sativumn L., cv. Alaska) and beans (Phaseolus vulgaris L., cv. Burpee's Stringless Green Pod) were imbibed for 6 hr in aerated distilled H20 at 25 C, and seeds of peanuts (Arachis hypogea L., Spanish type, cv. Starr) and cotton (Gossypium hirsutum L., cv. Stoneville 213) were similarly imbibed for 1 hr. The seeds were then placed between moistened layers of white paper placed in the lower end of the chamber and covered with a black, moist cloth (65% Dacron and 35% cotton). The seeds or seedlings were placed on the surface of the cloth as near as possible to the upper edge of the cloth and pad. When covered, the root portion of the plant was held and grew between the cloth surface and the front glass cover, and the shoot extended into the space above the pad. All parts of the plant were visible through the glass cover. Points of reference were provided by a white on black millimeter grid which shows through the back glass above the pad, and by two white thread lines sewn horizontally across the black cloth. Each chamber held 10 to 12 plants and 13 such chambers were housed in a dark cabinet which was equipped to provide each chamber with an individually calibrated, continuous flow (8-9 l/hr) of humidified air or air-ethylene mixture. The number of seedlings measured per concentration is given as n in Table II. The system for supplying the air and for administering a series of ethylene concentrations was modified from the apparatus of Pratt et al. (14) . A detailed description of the present system and its operation is available from the authors.
Photographic Measurements. The treatment chambers containing the plants were usually photographed at 12-hr intervals, using a 35-mm camera with a 58 mm, f 1.4 lens and Tri-X film. Two electronic flash units were covered with Baird Atomic B-2 filters with a peak emission at 540 nm blocked to infinity, plus two layers each of green, blue, and yellow acetate (to reduce intensity). These were placed 0. 55, 1975 Radial expansion was determined by measuring, on the projected photographs, the final diameter of that portion of the stem which had grown during the 12-to 60-hr period, as compared to the diameter of the stem which had grown before the treatment. Similar measurements of root diameter proved to be difficult because of a slight distortion caused by the meniscus of the H20 between the root and the glass cover, so these data may be less accurate.
Geotropic angle was determined as that angle formed by the final, straight portion of the stem or root and a vertical line through the center of that portion of the same stem or root as it was growing before the treatment. ther complicated because the accelerative effects of low concentrations of ethylene in peanuts occurred primarily in the slower growing indviduals so that they tended to catch up with the more vigorous seedlings whose growth was not appreciably affected.
RESULTS
A slight acceleration of germination and radicle elongation was observed in peas during preliminary experiments when ethylene was applied during imbibition. Also low concentrations of ethylene (10-80 nl/l) slightly accelerate the elongation of bean hypocotyls, bean roots, (Fig. 3E) , and in one set of experiments ethylene appeared to stimulate elongation of pea roots which were inadvertently exposed to a basic pH (approximately pH 9). In all other cases, and at all stages of development, ethylene inhibited elongation of both roots and shoots.
Time ECTS OF ETHYLENE 673 to be measured, even in the close-up photographs, diameter was measured at the end of the experiment on that portion of the organ which had expanded during the course of treatment (Table I) Responses of Pea Seedlings to Ethylene. There are at least eight easily discernible effects of ethylene on the growth habit of etiolated pea seedlings, six of which were measured in the present study. These were: the inhibition of (a) epicotyl elongation and (b) root elongation; the promotion of diameter growth in (c) epicotyls and (d) roots; and the induction of (e) transverse geotropism in the epicotyl and (f) diageotropism or nearly transverse geotropism in roots. These responses are plotted relative to controls in Figure 3A and relative to the maximum effect in Figure 3B against concentration on a logarithmic scale. The remaining two responses are (g) the inhibition of leaf expansion, and (h) tightening of the subapical hook (9, 10) .
Of the six responses measured in the present study, epicotyl elongation was significantly affected at the lowest concentration, being inhibited 8.5 + 2.5% at 10 nl/l (Fig. 3A, (Fig.  3B) . The promotion of radial expansion in the epicotyl required significantly higher concentrations than did elongation and geotropic responses in the same epicotyl tissues.
Except for some differences in the shape of the dependency curves (e.g. the strong S shape of the geotropic response, Fig.  3, A nl/l), this may be the most sensitive response measured. In rapidly elongating seedlings, concentrations above 40 nl/l were inhibitory. For purposes of this paper the two antithetical effects will be treated as separate responses, and thus the relative inhibition will be calculated from the top of the hypocotvl elongation curve at 10 nl/l (Fig. 3C) .
Another peculiarity in peanuts is that the increase in hypocotyl diameter was relatively small (Fig. 3C) (Fig. 3F) . The absolute effects on radial expansion and root elongation were noticeably less than the analogous responses in peas (Fig. 3, E and A) Responses of Cotton Seedlings to Ethylene. In cotton seedlings the inhibition of hypocotyl and root elongation had nearly the same concentration dependencies (Fig. 3H) . However, as in the case of peanuts and beans, the absolute rate of root elongation could be inhibited only about 80% (Fig. 3G) . As with peas, a considerable difference in concentration dependency existed between the inhibition of elongation and the promotion of radial expansion, both of which were presumably occurring in the same cells. In general the concentration dependencies for responses in cotton were among the highest found in the four species tested.
At concentrations above 1, 280 nl/l the normally positive geotropism of the roots was altered in a manner similar to that of beans, but the serpentine pattern was less distinct. Again, the present results do not make it possible to distinguish be- LOGARITHMIC SCALE tween ageotropism or diageotropism as the basis for the growth habit observed. A slight swelling in the growth zone in roots was observed at concentrations above 5,120 nl/l, and no effect on the geotropic behavior of the hypocotyl was observed. It is also interesting that in cotton seedlings the hook does not form until about the 3rd day of germination when the seed coat cracks and the cotyledons begin to unfold. Application of ethylene up to 20,000 nl/l preceding or during the normal time of hook formation appeared to have no effect on that process, nor did it tighten existing hooks when applied after the hooks had formed. ( (10), and curve B, the induction of the respiratory climacteric in honeydew melons as published by Pratt and Goeschl (13) . The number code corresponds to that of '1. ency to shift to the right (e.g. curve R) and the LineweaverBurk plot (e.g. line R, Fig. 4B ) would be a straight line (4). Thus it would be possible for two responses which have the same physiological mechanism to exhibit statistically different response curves and vice versa. This principle must be taken into account when evaluating all of the present data as well as other published reports of similar phenomena.
For the sake of comparison, some of the responses are plotted together in Figure 5 (the curve numbering scheme is the same as that of Table I1 ). Two additional responses have been added for further comparison: curve A, the inhibition of leaf expansion in red light-grown peas (10) ; and curve B, the induction of the respiratory climacteric in Honeydew melons (13) .
Responses within Same Tissue. In some cases, responses within a given tissue have identical or similar concentration dependencies such as: pea root elongation and radial expansion, peanut hypocotyl elongation and radial expansion, and bean hypocotyl elongation and radial expansion (Fig. 3) (Fig. 3, A, C Fig. 3 , B, D, F, and H).
The results presented in Table II and Figure 5 indicate that several responses have the same concentration dependency (e.g. responses number 3 through 8). Additionally, responses 9 (pea root diameter) and 10 (bean hypocotyl diameter) tend to coincide statistically in the low and high concentration range with responses 3 through 8 but differ from the others in the range of the half-maximum.
Thus it would appear that at least six or eight different responses in different tissues of different species (in the Legume family, at least) have the same concentration dependency. In addition, the concentration dependency for the inhibition of cell division in pea tissue, as shown by Apelbaum and Burg (1) is also similar to this group (X marks on Fig. 5 ). The apparent half-maximum concentration for this family of responses is approximately 340 nl/l, and the calculated aqueous Km is 1.8 X 10' M. The question of whether species outside the legume family share this common mechanism is at least partially answered by the fact that the induction of the climacteric in some fruit species appears to fall in this range (3) . It was also interesting to find that the induction of softening in Honeydew melons (Pratt and Goeschl, unpublished data) also coincides with this group (nearly identical with curve 6 and others), whereas the induction of the climacteric in the same fruits (curve B) required approximately 30 times as much ethylene (14) .
We concluded that either these responses to ethylene are sufficiently confounded by unknown variables for the results to be interpreted in a manner analogous to enzyme kinetics, or they are strongly indicative of more than one primary mechanism. The existing evidence, especially that indicating different concentration dependencies for effects within the same tissue, tends to support the latter conclusion. However, a study of the short term responses using continuous methods to determine the time course of the responses will be necessary to increase the certainty of this interpretation.
